Objective: This study evaluated the molecular and morphological changes on dentin elements after Er:YAG laser irradiation. Background Data: Spectroscopy studies reporting the effects of Er:YAG laser irradiation as an alternative to acid etching are needed to better understand the laser's effects. Methods: The occlusal onethird of the crown of six human third molars was removed. The dentin surface was schematically divided into areas corresponding to four surface treatment groups: control (group C): 37% phosphoric acid etching; group I: Er:YAG laser 80 mJ; group II: Er:YAG laser 120 mJ; and group III: Er:YAG laser 180 mJ. The analysis was performed by scanning electron microscopy (SEM) and Fourier transform Raman spectroscopy (FT-Raman) before and after the treatments. Raman data were submitted to ANOVA and Bonferroni tests. Results: The SEM photomicrographs revealed open dentin tubules in the control group. The molars from groups I, II, and III showed partially open dentin tubules. SEM images showed that the laser-irradiated dentin surface was not favorable to the diffusion of monomers. A significant reduction of the spectra relative intensity was observed in group III specimens. Conclusions: Er:YAG laser irradiation with 180 mJ could produce chemical changes in proteins, phosphate, and carbonate in dentin. 239 
INTRODUCTION
Bonding in restorative dentistry is based on micro-mechanical interlocking derived from an exchange process that involves replacement of minerals in the hard dental tissue by resin monomers. 1 Successful bonding systems typically accomplish resin-dentin adhesion in three steps: etching, priming, and bonding resin application. Etching of dentin using strong acidic etchants followed by water rinsing is the first step required to remove the smear layer and to expose the collagen fibers of the dentinal matrix. 1, 2 Subsequently, the hydrophilic primer is applied to prepare the dentin surface and to facilitate the penetration of the bonding resin monomer, creating a mixed zone of resin-enmeshed collagen fibrils known as the hybrid layer. 1 With the development of new adhesive materials, alternatives for dental structure conditioning appeared as well. One of these innovations for substrate surface treatment is the use of erbium: yttrium-aluminum-garnet (Er:YAG) laser irradiation. The laser irradiation results in a rough micro-retentive pattern 3 that can help in the retention of restorative materials. 4 Choosing the appropriate energy level of the laser pulses and an adequate refrigerating water flux/flow on the treated area are required in order to limit undesired effects. 5 The Er:YAG laser acts on dentin by thermomechanical ablation by vaporizing its water content, which causes its expansion followed by microexplosions. Dentin tubules are opened and the intertubular dentin is ablated. 2, 4 However, the laser does not demineralize dentin or widen tubule entrances. 4 Studies of resin bonding to Er:YAG laser-irradiated dentin have been reported in the literature. 6, 7 The available literature analyzed the effects of Er:YAG laser irradiation by tensile bond tests, 4, [8] [9] [10] and by scanning electron microscopy (SEM). 8, 11, 12 However, most studies suggested that its strength is lower than that of non-irradiated dentin. 7, 9, 13 Although these studies have contributed substantially to a better understanding of the effects of the Er:YAG laser on dentin, studies of the laser-etching effects on dentin components at the molecular level have yet to be performed.
There is a shortage of studies about the effects of the Er:YAG laser on the organic components of dentin, especially collagen fibers, which at present play a major role in bonding of resin materials. 2, 4 The effects of the Er:YAG laser on superficial and subsuperficial dentin are mostly unknown, and knowledge of these effects is important for the development of materials that are able to interact properly with the irradiated surface, thus forming a new pattern of interaction for bonding of resin-based materials. 2 Chemical characteristics of the dentin's surface after laser irradiation are also important. Raman analysis yields information about the dentin's chemical state without causing damage. 14 Raman spectroscopy is a technique used for the molecular analysis of dental tissues and is able to characterize the spatial distributions of organic and inorganic compounds, 15, 16 thus revealing their chemical composition. 15 Using this technique it is possible to detect compound-specific molecules within a sample, in air or in water, at room temperature and pressure, wet or dry, without destruction of the material. 17 Raman spectroscopy permits the structural analysis of samples by identifying specific light-induced molecular vibrations. Characteristic functional groups give rise to vibrational bands of approximately the same frequency, regardless of the molecule in which they are found. Different molecules have different vibrational states, and can therefore be distinguished using this technique. Information about the composition, secondary structure, and interaction of molecules, including the chemical microenvironment of molecular subgroups, can be determined through careful analysis of the positions, intensities, and widths of the bands in the Raman spectra of biological tissues such as collagen. 18 The current study is focused on the changes seen in human dentin after Er:YAG laser irradiation. The twofold purpose of this study is: (1) to use scanning electron microscopy to examine the surface topography and (2) to use FT-Raman spectroscopy to study changes in organic and inorganic dentin components after acid etching or Er:YAG laser irradiation. Such data are fundamental to a better understanding of the effects of Er:YAG laser etching on dentin, as well as to determine the appropriate amount of laser energy for dentin surface etching.
MATERIALS AND METHODS

Specimen preparation
Six extracted erupted non-carious human third molars were used in this study. The teeth were obtained from patients whose extractions were part of their dental treatment and were stored in saline solution (Aster Produtos Médicos LTDA, Sorocaba, SP, Brazil) at 9°C until use. The UNIVAP Ethics Committee on Human Research approved the research protocol (01/14384-8).
The teeth were cleaned and stored in 0.1% thymol aqueous solution at 9°C for 1 week. [19] [20] [21] [22] [23] [24] [25] The teeth were washed for 24 hours with filtered water to eliminate thymol residue before specimen preparation. The occlusal one-third of the crowns of the samples were sectioned perpendicular to the long axis of the teeth using a water-cooled low-speed diamond disc at 250 rpm with a 100-g load (Isomet 1000; Buehler International, Inc., Lake Bluff, IL, USA). The dentin surface was ground on wet 600-grit silicon carbide abrasive paper (Norton, São Paulo, SP, Brazil) at 150 rpm (Knuth Rotor, Struers, Brazil) for 1 minute under constant water cooling to produce a standard smear layer. 26, 27 Ultrasonic cleaning (Maxiclean 1450; Merse, Campinas, SP, Brazil) with distilled water was performed for 5 min in order to remove the excess debris. Roots were removed with a water-cooled low-speed diamond disc producing disc-shaped dentin slices. A reference point was created with a diamond burr (#2; KG Sorensen, São Paulo, SP, Brazil) in the enamel of the buccal face of the samples with a high-speed drill (KaVo, Joinville, SC, Brazil). The specimens were then stored refrigerated in saline solution at 9°C for 1 day before treatment.
Surface treatment
The surface of each slice was divided into four areas. Each quadrant of the sample received a different treatment, as described in Table 1 . Laser irradiation was performed in a noncontact mode using an Er:YAG laser (KaVo Key Laser II; KaVo Dental GmbH, Biberach/Riss, Germany; ϭ 2.94 m, beam diameter ϭ 1 mm) with a #2051 handpiece with water spray cooling (20 mL/min). Irradiation of the control group quadrant was withheld and a blank space was left on one side in each group. The acid etching was performed in the control group area using 37% phosphoric acid gel (FGM Produtos Odontológicos; Joinville, SC, Brazil) for 15 sec. The etched surface was then rinsed with air-water spray for 15 sec.
FT-Raman spectroscopy and SEM analysis
FT-Raman spectroscopy was used to analyze the dentin surfaces before and after the treatments. Four spectra per area in each group were collected. An FT-Raman spectrometer (RFS 100/S ® ; Bruker Inc., Karlsruhe, Germany) with a germanium diode detector cooled by liquid nitrogen was used to collect the data. The samples were excited by an air-cooled Nd:YAG laser ( ϭ 1064.1 nm).
The power of the Nd:YAG laser incident on the sample was 100 mW. The spectral resolution was 4 cm -1 , and for each meaSoares et al. 240 surement four spectra per area in each group were accumulated with 100 scans. 25 After the dentin treatment, the same procedure was repeated and four spectra in each area of each group were accumulated, totaling 384 spectra. For SEM measurements, the specimens were initially air dried and mounted on aluminum stubs. They were then sputtered with a 20-m gold layer in a sputter coater (SC7610; Fisons Instruments, East Grinstead, West Sussex, UK). Specimens were then examined in a LEO 440 scanning electron microscope (LEO Electron Microscopy Ltd., Cambridge, England) at 5000ϫ magnification and 20 kV of accelerating voltage. The SEM analysis was performed at INPE (Instituto Nacional de Pesquisas Espaciais, LIT, Laboratório de Integração de Testes).
Data analysis
In the dentin's Raman spectrum, four regions were evaluated: 930-990, 992-1146, 1522-1725, and 2821-3039 cm -1 . The integrated areas of the peaks were calculated by Matlab ® software (The MathWorks, Inc., Natick, MA, USA). The Raman results were subjected to one-way ANOVA at a confidence level of 95% using Microcal Origin ® software (Microcal Software, Inc., Northampton, MA, USA).
RESULTS
In Fig. 1 , the strongest peak at 960 cm -1 is associated with the phosphate (PO 4 3-1 ) stretching vibration in the mineral apatite component of dentin, and the peak at 1071 cm -1 is attributed to carbonate (CO 3 2-1 ) vibration. 21 In Fig. 2 , the bands at 1665 and 2944 cm -1 are attributed to the organic components of dentin: CϭO (amide I) and CH 2 vibrations, respectively. 4, [28] [29] [30] In Fig. 1 note that the relative intensity of the Raman bands for the dentin inorganic components was greatly reduced in the specimens from group II (GII) and group III (GIII) after the surface treatments. Changes in the spectral features associated with the organic components are shown in Fig. 2 . There was a relative decrease in the intensity of the spectral features associated with the collagen after treatment in the specimens from GII and GIII. There was a relative decrease in type I collagen content in GIII. Based on the integrated areas of the Raman peaks it was found that the intensity of the mineral and organic portions decreased without statistical significance regarding phosphate, carbonate, and collagen in the control group (CG), GI, and GII specimens (Figs. 1 and 2 , Table 2 ). The integrated area of the phosphate content was reduced with statistical significance in GIII specimens.
Scanning electron microphotography of acid-etched dentin (Fig. 3A) revealed a smooth surface with tubule orifices free of smear plugs and with widened tubule orifices due to removal of the peritubular dentin inorganic material at the opening of the tubules. The intertubular dentin was undisturbed. In contrast, scanning electron microphotographs of the laser-irradiated specimens revealed highly irregular surfaces, partially opened dentin tubules, and scaly and flaky surfaces. The intertubular dentin was ablated (Figs. 3B-D) . Er:YAG laser irradiation with 180mJ (GIII) produced more open dentin tubules than the other laser energies (Fig. 3D) .
DISCUSSION
Some previous studies have reported that the bond strength of composite is higher in laser-irradiated dentin than in acidetched dentin. 3, 6 It was postulated that the laser-irradiated surface was more favorable due to an apparently enlarged surface area for adhesion based on the scaly and flaky surface appearance seen after laser treatment. 12 Laser Irradiation on Dentin 241
FIG. 1.
FT-Raman spectrum of dentin mineral phase before (■) and after (O) treatment: acid etching (control group; CG) treatment, and Er:YAG laser irradiation with 80 (group I; GI), 120 (group II; GII), and 180 mJ (group III; GIII).
FIG. 2.
FT-Raman spectrum of dentin organic phase before (■) and after (O) treatment: acid etching (control group; CG), and Er:YAG laser irradiation with 80 (group I; GI), 120 (group II; GII), and 180 mJ (group III; GIII).
The morphological results of previous investigations performed by SEM analysis revealed that the characteristics of the irradiated dentin were not favorable to the diffusion of monomers through the collagen network. 2, 8, 11, 12 The results of previous tensile bond strength tests show that bond strengths are significantly weaker when tooth surfaces are prepared with an Er:YAG laser. 4, [8] [9] [10] [11] However, the effect of laser irradiation on organic and inorganic components, especially on collagen fibers, has not yet been completely clarified. 2, 4, 11 In the current study, the chemical and morphological changes produced by Er:YAG laser etching were assessed through FTRaman spectroscopy and SEM analysis ( Table 2 , Figs. 1-3) . The morphological findings of Er:YAG laser-irradiated dentin seen in our study are in general agreement with those of other studies, 2, 4, 8, 11, 12 in which SEM analysis of the laser-irradiated dentin showed a highly irregular surface, partially opened dentin tubules, and a scaly and flaky surface, in contrast to the smoother surface and opened dentin tubules seen in acid-etched dentin. The morphological data provided by the SEM images showed that Er:YAG laser energy of 180 mJ was the energy level that produced opened dentin tubules that were more similar to those of an acid-etched surface (Fig. 3D) . Raman spectrum analysis showed that the mineral content was greatly affected by the higher laser energies (Fig. 1, Table  2 ). These differences are probably due to the fact that the Er:YAG laser thermomechanically ablates hard tissues by causing micro-explosions within inorganic structures in teeth. 11 The Er:YAG laser vaporizes water and other hydrated organic components until the internal pressure causes the destructive explosion of the inorganic components before the melting point is reached. 11, 31 Aoki et al. 31 determined that the intertubular dentin was selectively more ablated than peritubular dentin, leaving a cuff of more highly mineralized dentin around dentin tubule orifices.
The organic content was greatly affected by the higher laser energy (180 mJ) (Fig. 2, Table 2 ). The thermal effect promoted by laser irradiation is a factor that could probably influence the changes in the dentin's organic components. The type I collagen (1665 cm -1 ; CϭO) component of dentin was not significantly reduced by acid etching or by laser energies of 80 and 120 mJ. Laser energy of 180 mJ affected the collagen content, but without statistical significance. This is an important consideration since 90 wt% of the organic component in dentin is collagen, which is almost exclusively type I. 32 The obtained FT-Raman spectra provided data about the dentin specimens at the molecular level. These data complemented the results of previous mechanical studies that demonstrated that bond strengths are significantly weaker when tooth surfaces are prepared with an Er:YAG laser. 2, 4, [8] [9] [10] [11] The chemical data obtained by Raman spectroscopy showed that higher laser energies (180 mJ) affected more of the phosphate, carbonate, and organic components of dentin. The SEM images complemented the chemical data. The morphological images showed that the laser-irradiated surface was not favorable to adhesion.
CONCLUSIONS
SEM images showed that phosphoric acid etching produced a more favorable surface for adhesion than laser-irradiated specimens. FT-Raman spectroscopic evaluation of the changes in the mineral and organic content brought about by laser energy of 180 mJ revealed that Er:YAG laser irradiation could produce chemical changes in proteins, phosphate, and carbonate in dentin.
